Abstract: Brain and muscle Arnt-like protein-1 (BMAL1) knockout mice exhibit accelerated aging, abnormal glucose metabolism, and impaired adipocyte differentiation, among other phenotypes, which are effects associated with the BMAL1 gene. No study has investigated temporal changes in the deformation of the mandibular condyle and the presence of calcification in areas surrounding the mandibular condyle. In a study of 12 C57/BL strain mice under inhalation anesthesia, we collected images of the mandibular condyle at 6 weeks after birth and then every 5 weeks from 10 to 25 weeks after birth. At 25 weeks, deformation of the mandibular condyle was seen in 8 of 12 joints in BMAL1 knockout mice and in 2 of 12 joints in wild-type mice. At 20 and 25 weeks, deformation in areas surrounding the mandibular condyle, which are known to undergo calcification, was seen in 2 of 12 joints in BMAL1 knockout mice and in 0 of 12 joints in wild-type mice. BMAL1 knockout mice exhibited premature aging of the mandibular condyle, which suggests that circadian rhythms affect mandibular condyle morphology.
Introduction
Brain and muscle Arnt-like protein-1 (BMAL1) is found throughout the body and is encoded by the BMAL1 gene. The BMAL1 gene is a clock gene that regulates constant circadian rhythm in mammals (1) . BMAL1 knockout mice exhibit characteristics of premature aging, including abnormal glucose metabolism and adipocyte differentiation, among other phenotypes (2) . Numerous recent studies of BMAL1 knockout mice have largely clarified these aging phenomena and metabolic syndrome (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In addition, BMAL1 knockout mice exhibit ectopic osteogenesis in Achilles' tendons, costal cartilage, vertebral disks, and ligaments around the knee joint (11) . However, no studies have investigated continuous change in mandibular condyle morphology or the presence of calcification in areas surrounding the mandibular condyle in BMAL1 knockout mice.
The main clock for the circadian rhythm of mammals, including humans, is located in the hypothalamic suprachiasmatic nucleus (SCN). This clock utilizes a negative feedback mechanism based on transcription and coding of the CLOCK gene and nuclear translocation of its product (15) . An integrated clock mechanism is formed by synchronizing the main clock in the SCN with peripheral clocks in almost all cells of the body-a process mainly controlled by the autonomic nervous system. Recent studies of the non-clock functions of the body clock have attracted interest and reported associations of the clock mechanism with adult diseases (such as hypertension, hyperlipidemia, diabetes, hyperostosis or osteoporosis, and cancer) and lifespan. In this study, we used micro-CT scanning to identify changes in mandibular condyle deformation and the presence of calcification in areas surrounding the mandibular condyle in BMAL1 knockout mice.
Materials and Methods

Animals
Twelve C57/BL strain mice were used for continuous micro-CT evaluation of mandibular condyle deformation and calcification in areas surrounding the mandibular condyle. Six were BMAL1 knockout mice (3 males, 3 females) and six were wild-type mice (3 males, 3 females). All mice were provided with standard feed and water and housed until they reached 25 weeks of age. Body weight was measured every 5 weeks. A Table Top Laboratory Animal Anesthesia System (Vet Equip Inc., Livermore, CA, USA) using an inhaled gas mixture of isoflurane and oxygen was used to induce anesthesia in the mice. Anesthesia was maintained during micro-CT scanning by attaching a tube connected to the anesthesia apparatus to the head of the mouse.
All experiments used mice provided by the Department of Health Science, School of Pharmacy, Nihon University. Approval for the study was obtained from the Animal Experimentation Committee of Department of Health Science, School of Pharmacy, Nihon University (AP15P024) and the Animal Experimentation Committee of Department of Oral and Maxillofacial Radiology, Nihon University School of Dentistry (AP09D026).
Imaging device and method
For continuous image evaluation, scans were obtained at 10× magnification with an in vivo micro-CT system (R_mCT; Rigaku Co., Tokyo, Japan). The voxel size was 20 × 20 × 20 µm. The imaging conditions were a tube voltage of 90 kV, a tube current of 200 µA, and an imaging time of 17 s.
Duration of scanning was 17 s for live mice and 2 min for euthanized mice. At week 25, scans were collected before and after death. Euthanized mice were killed by carbon dioxide after scanning at 25 weeks and fixed with 10% buffered formalin. During scanning, the mice underwent a procedure that focused on each temporomandibular joint. Although an imaging duration of 2 min would have resulted in less noise, the movement of live mice under anesthesia would likely have greatly degraded the imaging results. After centering the temporomandibular joint in the field of vision, images were obtained on the sagittal, axial, and frontal planes. These three image sets were then utilized to reconstruct a 3D-image (Micro-XYZ) by using a total of 512 frames and a Vostro 200 computer (Dell Inc., Round Rock, TX, USA). The image volume was a cylinder with a diameter of 2.4 cm, a height of 2.4 cm, and a voxel matrix size of 481 × 481 × 483. I-View-R software (Morita Co., Kyoto, Japan) was used for image processing. Image reconstruction required approximately 3 min.
Data analysis
The micro-CT images were downloaded to a Dimension 4700 computer (Dell Inc.). For analysis, brightness was fixed and the images were evaluated on a black-and- white liquid crystal display (ME 251i/C; JVC Kenwood Co., Yokohama, Japan) by four dental radiologists. When an evaluation and re-evaluation differed, the final determination was made by consensus after discussions among the four radiologists.
The criteria for continuous change in mandibular condyle deformation ( Fig. 1) were as follows. "Changed" was defined as bone augmentation and bone absorption in the mandibular condyle and articular tubercle, and "unchanged" was defined as a rounded, uniform outer mandibular condyle and articular tubercle and a curved cortical bone with good continuity. Mandibular condyles with a smooth shape, such as in wild-type mice, were defined as "undeformed," and mandibular condyles with a rough outer shape, such as in BMAL1 knockout mice, were defined as "deformed." The criteria for calcification in areas surrounding the mandibular condyle were as follows. "Calcification" was defined as the presence of a calcified substance detached from the mandibular condyle and articular tubercle, as shown in Fig. 2 . "No calcification" was defined as the absence of such a finding.
Statistical analysis
The Fisher exact test was used to evaluate differences between knockout mice and wild-type mice in the prevalences of mandibular condyle deformation and calcification. The Dunnett multiple comparison test was used to compare change in body weight between knockout mice and wild-type mice. SPSS software (IBM Co., New York, NY, USA) was used for all statistical analyses, and the level of significance was set at 5%.
Results
In BMAL1 knockout mice, deformation of the mandibular condyle was noted in 0 of 12 joints at 6 weeks, 2 of 12 joints at 15 weeks, and 8 of 12 joints at 25 weeks. In wild-type mice, deformation was observed in only 2 of 12 joints at 25 weeks. Significant differences between BMAL1 knockout mice and wild-type mice were noted at 20 and 25 weeks (P < 0.05; Table 1 ).
In BMAL1 knockout mice, deformation in areas surrounding the mandibular condyle, which are considered to undergo calcification, was confirmed in 0 of 12 joints at 6 weeks and 2 of 12 joints at 20 weeks and 25 weeks. In wild-type mice, deformation was confirmed in 0 of 12 joints at 25 weeks. No significant difference was observed at any age (P > 0.05; Table 2 ).
Although body weight increased with age in wild-type mice, it began to decrease at age 15 weeks in BMAL1 knockout mice. Change in body weight significantly differed between BMAL1 knockout mice and wild-type mice (P < 0.05; Table 3 ; Fig. 3 ).
Discussion
In the present micro-CT procedure, the X-ray tube rotated instead of the specimen secured to the table, and imaging could be completed in only 17 s. This enabled repeated imaging, with less invasiveness to experimental animals, and continuous imaging of the same animal without euthanasia. Micro-CT scans of the mandibular condyle were obtained at 6 weeks after birth, and then every 5 weeks from 10 to 25 weeks after birth. X-ray exposure did not result in any injuries or deaths.
Two-min scans were also obtained. However, the radi- 
12 (100) 12 (100) 12 (100) 12 (100) 12 (100) P value 1.00 1.00 1.00 1.00 0.24 All P > 0.05, no significant differences were observed. ation dose for the 2-min scans was 8 times that required for 17-s imaging, and the anesthesia dose also needed to be increased. Nevertheless, a scanning duration of 2-min yielded less noise than a duration of 17 s. Consequently, the imaging duration was set at 17 s for live mice and 2 min for euthanized mice.
Imaging standard for micro-CT
In a study of micro-CT diagnostic precision, Kai et al. (16) reported that findings from 10× micro-CT and SOFTEX E-40 X-ray imaging systems were in complete agreement with tissue evaluation but that precision was lower for 1.5× and 4× micro-CT systems than for tissue observation. These findings suggest that the diagnostic precision of 10× micro-CT device is comparable with those of the SOFTEX device and histological observation. Thus, we used 10× micro-CT imaging for continuous observation of changes in the mandibular condyle.
Deformation of the mandibular condyle
Mice with rheumatoid arthritis have a high incidence of bone morphogenetic changes in the mandible condyles, and the ratio of bone morphogenic changes of the mandibular condyle was higher in mice with rheumatoid arthritis. In the present study of BMAL1 knockout mice, deformation of the mandibular condyle was noted in 0 of 12 joints at 6 weeks, 2 of 12 joints at 15 weeks, and 8 of 12 joints (66.7%) at 25 weeks. This suggests that rheuma- toid factor has a strong influence on deformation of the mandibular condyle. In contrast, wild-type mice showed deformation in 2 of 12 joints (16.7%) at 25 weeks, which was significantly less frequent than in BMAL1 knockout mice. Samsa et al. (17) reported reduced bone volume ratios in the trabeculae of the femur and fibula in BMAL1 knockout mice. In the present study, we hypothesized that circadian rhythm is a factor in the deformation of the mandibular condyle. In our continuous observation of BMAL1 knockout mice, deformation was noted in 0 of 12 joints at 6 weeks, 2 of 12 joints at 15 weeks, and 8 of 12 joints at 25 weeks, and prevalence rates significantly differed between BMAL1 knockout mice and wild-type mice at 20 and 25 weeks. Geng et al. (18) reported a correlation between bone metabolism in the mandibular joint and sleep deprivation in rats. In clinical practice, sufficient sleep is believed to be important in preventing deformation of the mandibular joint, which indicates a need to resolve the issue of sleep duration.
Calcification in areas surrounding the mandibular condyle
Conventional continuous observation of a large number of euthanized mice showed tendon calcification at 6 to 8 weeks in BMAL1 knockout mice and before 11 weeks in almost all mice, while severe synostosis between calcifications and the tarsal joint was observed at 35 weeks (12) . In wild-type mice, slight calcification was observed at 35 weeks (12) . In a continuous observation of a single specimen by Kai et al. (16) , a radiopaque area-considered to represent tendon calcificationwas noted in about half of BMAL1 knockout mice at 6 weeks. In contrast, tendon calcification in wild-type mice appeared at 35 weeks or later in a previous study (12) . However, in the wild-type mice studied by Kai et al., radiopaque areas started to appear at 15 weeks. By 25 weeks, such areas were observed in approximately half the mice. Furthermore, the appearance of calcification was observed about 20 weeks earlier than in wild-type mice. Kai et al. reported that continuous imaging of the same specimen with low-exposure micro-CT enabled observation of early calcification formation and that this was not possible with conventional methods. However, they did not describe calcification of bone surrounding the mandibular condyle.
In the present study of BMAL1 knockout mice, deformation of areas surrounding the mandibular condyle, which are believed to undergo calcification, was confirmed in 0 of 12 joints at 6 weeks and 2 of 12 joints at 25 weeks. In contrast, deformation was observed in 0 of 12 joints at 25 weeks in wild-type mice.
BMAL1 knockout mice grow normally up to week 11 (7) but then begin to show a decrease in activity level, a gradual decrease in body weight, and, ultimately, a shortened lifespan (9, 10) . In the present study, body weight tended to decrease in BMAL1 knockout mice from 15 weeks. BMAL1 knockout mice exhibit early and accelerated aging, most likely because of progression of tissue oxidation caused by a functional reduction of the enzyme group that is responsible for removing active oxygen (11) . A study of carbohydrate metabolism disorder reported that diabetes develops as a result of diminished insulin secretion (9) . Another study found that BMAL1 influences differentiation of adipose cells (9) . BMAL1 promotes differentiation of adipose cells; thus, BMAL1 knockout mice have diminished fat accumulation and production of fatty acids and cholesterol because of the decreasing number of adipose cells in their fatty tissue (9) . Clock genes, including BMAL1, are related to fat metabolism, and diet and sex are important in fat consumption. Previous studies of BMAL1 knockout mice found that feeding and sex influenced change in body weight (12, 19) . In the present study, body weight was lower in BMAL1 mice at 15 weeks, when deformation of the mandibular condyle was observed. Hence, deformation of the mandibular condyle likely results in a change in chewing in BMAL1 mice. A future study should examine the association between deformation of the mandibular condyle and fat metabolism in a larger number of mice.
In conclusion, BMAL1 knockout mice exhibited aging of the mandibular condyle, which suggests that circadian rhythms affect mandibular condyle morphology. BMAL1 is a clock gene, and deformation of the mandibular condyle was observed in mice with BMAL1 knockout. To facilitate diagnosis of human disease, future studies should investigate the relationship between adult disease and temporomandibular disease by examining variables such as sleep duration and eating habits.
